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Abstract 
The PDRE test model used in these experiments utilized kerosene as the fuel, oxygen as oxidizer, and nitrogen as purge gas. The 
solenoid valves were employed to control intermittent supplies of kerosene, oxygen and purge gas. PDRE test model was 50 mm in inner 
diameter by 1.2 m long. The DDT (deflagration to detonation transition) enhancement device Shchelkin spiral was used in the test model. 
The effects of detonation frequency on its time-averaged thrust and specific impulse were experimentally investigated. The obtained 
results showes that the time-averaged thrust of PDRE test model was approximately proportional to the detonation frequency. For the 
detonation frequency 20 Hz, the time-averaged thrust was around 107 N, and the specific impulse was around 125 s. The nozzle experi-
ments were conducted using PDRE test model with three traditional nozzles. The experimental results obtained demonstrated that all of 
those nozzles could augment the thrust and specific impulse. Among those three nozzles, the convergent nozzle had the largest increased 
augmentation, which was approximately 18%, under the specific condition of the experiment. 
Keywords: pulse detonation rocket engine; impulse; nozzle; experimental investigation 
Pulse detonation rocket engine (PDRE) has at-
tracted considerable research interests in recents 
years as chemical propulsion systems potentially 
offering improved performance and reduced com-
plexity compared to conventional steady-state liquid 
rocket engines. Unlike conventional steady- state 
rocket engines, which use constant pressure com-
bustion, PDREs utilize the high-energy release rate 
and thermodynamic characteristics of detonation 
waves to produce thrust[1]. This enables PDREs to 
operate at higher thermodynamic efficiencies. Fur-
thermore, since the reactants are injected into a 
PDRE at relatively low pressures, the need for1mas-
sive turbomachinary, as used in conventional 
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steady-state liquid rocket engines, is eliminated. 
The combustion cycle of the PDRE involves 
the cyclical filling, detonationing, and purging of a 
long, typically cylindrical detonation tube that is 
closed at one end and open at the other. A 
fuel-oxidizer mixture is injected into the detonation 
tube at or near the closed end. Once the tube is full 
charged, the reactive mixture is ignited near the 
closed end and a detonation wave eventually forms. 
Once the detonation wave reaches the open end of 
the detonation tube, the pressure difference causes 
rarefaction waves to progress toward the closed end 
and the burned products are expelled. After the 
products are expelled, a fresh fuel-oxidizer mixture 
charge is injected and the process is repeated. 
Each detonation wave formed by this process 
generates the high pressure needed to produce thrust. 
Due to the cyclical nature of the PDRE, the thrust is 
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produced in discrete pulses rather than in a con-
tinuous fashion as in a conventional steady- state 
liquid rocket engine. As the frequency of detonation 
increases, the thrust becomes quasi- steady and can 
be considered as nearly continuous. 
Up to now, most of the literatures on PDRE 
have dealt with gaseous fuels[2-6]. In the study of 
Jiro Kasahara et al. [5], ethylene was used as fuel. 
Little work was performed in the area of liquid hy-
drocarbon. However, liquid hydrocarbon fuels are 
attractive to volume-limited aerospace systems. In 
the paper, kerosene was used as fuel. 
Nozzle is one of the key components of PDRE. 
The motivation of this study was using nozzle to 
improve the performance (thrust and specific im-
pulse) of PDRE. The use of nozzles in conventional 
steady liquid rocket is well understood. Contrary to 
nozzles in steady rockets, the PDRE nozzles operate 
in unsteady conditions and their design and optimi-
zation require consideration of the multi-cycle op-
eration process comprehensively. 
In the paper, the multi-cycle detonation ex-
periments with liquid kerosene-oxygen mixture 
were conducted on the PDRE test model. The ef-
fects of detonation frequency on its time-averaged 
thrust and specific impulse were experimentally 
investigated. In addition, the performance parame-
ters of PDRE test model and the effects of nozzles 
on its performance were experimentally investi-
gated. 
1  Some Considerations About Multicycle 
Detonation Experiments 
1.1  Purge gas buffer 
There are two failure modes of detonation ini-
tiation, one being premature ignition and the other 
DDT failure[7,8]. To prevent reactive mixture from 
premature ignition, a purge gas buffer is required to 
separate burned products from fresh fuel- oxidizer 
mixture. The experiment of Ref.[9] showed that, if 
no purge gas is utilized during the experiments of 
PDRE or less than enough, the fresh kero-
sene-oxygen mixture will have premature ignition. 
In Ref. [5], helium was used as purge gas. In this 
paper, nitrogen was used as purge gas instead. 
1.2  Timing sequence 
In PDRE, the oxidizer, fuel and purge gas are 
injected into the detonation tube intermittently. In 
the paper, solenoid valves were employed to control 
the intermittent supplies of oxidizer, fuel and purge 
gas. In the beginning of a cycle, the fuel and oxi-
dizer valves were opened; the detonation tube was 
charged with fuel and oxidizer mixture. Valves 
sealed the detonation tube when the mixture was 
filled. After that, ignition signal was sent and the 
purge gas was charged at the end of detonation cy-
cle. The timing sequences of solenoid valves and 
ignition are shown in Fig.1. 
Fig.1  Timing sequence of solenoid valves and ignition 
1.3  Detonation initiation 
One of the challenges remains in initiation of detona-
tion in PDRE in a reliable and controllable manner. Detona-
tion can be initiated either directly or by deflagration flame 
acceleration followed by a deflagration-to-detonation transi-
tion (DDT) process. Direct initiation of detonation requires a 
prohibitive amount of energy, which is not practical for 
PDRE. However, DDT occurs at lower-energy release rate. 
It was found that as long as the transition occurs within the 
length of the detonation tube, the specific impulse obtained is 
the same as that formed by direct detonation initiation[10]. 
DDT process is based on some factors[8], such as turbulence 
produced during filling process, some kind of DDT en-
hancement devices, the heat transferred to tube wall by pre-
ceding cycle and so on. One of the most common means of 
shortening DDT distance is to make use of the aid of 
Shchelkin spiral. For kerosene- oxygen used in this paper, it 
was possible to achieve DDT detonation initiation in detona-
tion tube with low ignition energy.
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2  Pulse Detonation Experiments 
2.1  Experimental setup 
Based on the above considerations, an experi-
mental setup was established to investigate the 
multicycle operation of PDRE. The schematic of 
PDRE experimental setup is shown in Fig.2. The 
supply system is composed of oxygen-nitrogen 
tanks,  and the fuel  supply is  pressured by 
compressed nitrogen. The solenoid valves used to 
control the supply of oxygen, fuel, and nitrogen are 
specially customized. The solenoid valves and spark 
plug are controlled by the control and ignition 
system. The spark plug igniter used in experiments 
has initiation energy of around 50 mJ. The flow 
rates of kerosene and oxygen are measured by flow 
meters. The thrust test bed has two parts: standing 
part and moving part. Detonation tube is fixed on 
the moving part and a load cell is fixed between 
standing part and moving part of thrust test bed. 
1-Oxygen supply; 2-Purge gas supply;  
3- Fuel supply; 4-Flow meters; 5-Solenoid valves; 
 6-Spark plug; 7-PDRE tube; 8-Load cell; 
 9-Pressure sensor; 10-Test bed; 11-Control and 
ignition system; 12-Data acquisition system 
Fig.2  Schematic of the experimental setup 
The detonation tube is constructed of stainless 
steel pipe with 50 mm in inner diameter by 1.2 m 
long as shown in Fig.3. The igniter port is 150 mm 
from the thrust wall. There are three pressure trans-
ducer ports along the detonation tube. They are 0.6 
m, 0.7 m, and 0.8 m from the thrust wall, respec-
tively. DDT enhancement device Schelkin spiral is 
0.45 m long. The Schelkin spiral has a pitch of 50 
mm and outer diameter of 50 mm. Kerosene is in-
jected through a fuel injector as shown in Fig.4. The 
ports of oxygen and purge gas, and fuel injector are 
located at the thrust wall. 
1-Thrust wall; 2-Igniter port; 3-Schelkin spiral; 
 4- Pressure transducer port; 5- Fuel injector; 
Fig.3  Schematic of detonation tube 
Fig.4  Fuel injector used in the experiments 
2.2  Test conditions 
For all experiments in this paper, the initial 
pressure and temperature were 1 atm and around  
20℃, respectively. The range of mixture equiva-
lence ratio was between 0.6 and 1.6. The detonation 
frequency changed from 10 Hz to 20 Hz. In injec-
tion conditions, the kerosene-oxygen flow rates de-
pended on the volume of detonation tube, equiva-
lence ratio, and detonation frequency. 
2.3  Data ascquisition 
The pressure transducers used in the experi-
ments were SINOCERA pressure transducers 
(CY-YD-205). The pressure transducers could be 
employed to survey the pressure profiles and ve-
locities of the detonation waves. For example, 
detonation wave at a speed 2 000 m/s propagated 
over 300 mm distance between two transducers in 
150  The response time of the pressure trans-
ducers was 2 μ So the typical time-of-arrival meas-
urement error is ± 2 Therefore, the velocity 
measurement uncertainty was approximately ±
2%.  
μs.
s.
μs.
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The load cell (Kistler force sensor 9331B) was 
employed to survey the dynamic force data of the 
thrust test bed. The time-averaged thrust of PDRE 
test model was gained through the dynamic force by 
time averaging. The data acquisition system included 
a personal computer and four data acquisition boards. 
3  Results and Discussion 
3.1  Detonation property 
Fig.5 shows the pressure profile surveyed in the 
test model at detonation frequency of 10 Hz. The 
peak pressures reaches 2 MPa at the Loc 1 and Loc 
2. The peak pressures reaches 2.9 MPa at the Loc 3, 
which is 19.4% less than the valve calculated from 
CEA [11] code. The rising edge of the pressure pro-
file is 10 μ quantitatively. In consideration of the 
effects of liquid-gas two- phase flow, the detonation 
is achieved at the Loc 3. 
s.
Fig.5  Pressure profiles (φ=0.8) 
During the same detonation cycle, the pres-
sure peak propagates over 0.2 m between the two 
transducers (Loc 1 and Loc 3) in 1×10－4-1.4×
10-4 s. Therefore, the wave speed is between 1 428 
m/s and 2 000 m/s. The waved speed obtained is 
11%-36% less than the value calculated from CEA 
code. In consideration of the effects of liquid-gas 
two-phase flow, the response time of pressure 
transducer and the limitation of sample rate, the 
result is acceptable. 
3.2  Effects of detonation frequency 
As the frequency of detonations increases, the 
thrust becomes quasi-steady and can be regarded as 
nearly continuous. Therefore, it is important to in-
crease the detonation frequency. 
The PDRE test model was operated at three 
detonation frequencies (10 Hz, 15 Hz and 20 Hz). 
The time-averaged thrust and mass flows of kero-
sene and oxygen were measured. In addition, spe-
cific impulse of test model was calculated from 
time-averaged thrust and mass flows of kerosene 
and oxygen. Table 1 provides the mass flows of 
kerosene and oxygen surveyed during the experi-
ments. Fig.6 and Fig.7 shows the time-averaged 
thrusts and specific impulses of PDRE test model 
obtained from the experiments, respectively. 
Table 1  Mass flows of kerosene and oxygen measured 
By experiments 
f /Hz Kerosene/ (kg-1·h) Oxygen/( kg-1·h) 
10 ～37 ～121 
15 ～53 ～186 
20 ～65 ～240 
 
Fig.6  Time-averaged thrust vs detonation frequency 
 
Fig.7  Specific impulse vs detonation frequency 
At each frequency, the time-averaged thrust of 
the test model fluctuates. The fluctuation of the 
time-averaged thrust come from the randomicity of 
detonation and the measurement inaccuracy. As can be 
seen from Fig.6, the time-averaged thrust obtained 
from the experiment is proportional to the detonation 
frequency roughly. At the detonation frequencies 10 
Hz, 15 Hz and 20 Hz, the time-averaged thrusts are 
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around 58 N, 75 N and 107 N, respectively. At the 
detonation frequencies 10 Hz and 20 Hz, the specific 
impulses are around 136 s and 125 s, respectively. 
While at the 15 Hz, the specific impulses are around 
115 s, which is a little bit lower. The reason needs to 
be further experimentally investigated. 
3.3  Effects of nozzle 
    The test model without nozzle was the baseline 
for nozzle experiments. Three traditional nozzles 
were constructed and investigated. They were con-
vergentnozzle (C Nozzle), convergent-divergent noz-
zle (CD Nozzle), and divergent nozzle (D Nozzle). 
The sketches of the nozzles used in the experiments 
are shown in Fig.8. The detonation frequency was 
set at 15 Hz and the flow rates of oxygen and kero-
sene were fixed approximately. 
 
Fig.8  Sketches of nozzles used in the experiments 
The time-averaged thrusts and specific im-
pulses of PDRE test model without nozzle and with 
nozzle are given by Table 2.The experimental re-  
sults obtained have demonstrated that all of those 
nozzles can augment the thrusts and specific im-
pulses of PDRE test models. Among those three 
nozzles, the convergent nozzle had the largest thrust 
and specific impulse augmentations, which were 
approximately 18%. 
Table 2  Thrusts and specific impulses by experiments 
 F/N 
Specific im-
pulse/s 
Augmentation 
Baseline ～75 ～115  
C Nozzle ～89 ～136 ～18％ 
CD Nozzle ～83 ～127 ～10％ 
D Nozzle ～79 ～122  ～5％ 
4  Conclusions 
(1) An efficient and reliable technique of mul-
ticyle detonation initiation with low initiation en-
ergy (50 mJ) was developed by means of effective 
DDT enhancement device Shchelkin spiral. The 
solenoid valves were employed to control the inter-
mittent supplies of kerosene, oxygen, and purge gas. 
(2) The effects of detonation frequency on 
time-averaged thrust and specific impulse of PDRE 
test model were experimentally investigated. The 
obtained results showed that the time-averaged 
thrust of PDRE test model was approximately pro-
portional to the detonation frequency.  
(3) The effects of nozzle on PDRE perform-
ance were experimentally investigated. Three tradi-
tional nozzles were chosen. The results demon-
strated that all of those nozzles could augment the 
thrust and specific impulse. Among those three noz-
zles, the convergent nozzle had the largest thrust 
and specific impulse augmentations, which were 
approximately 18%, under the specific conditions of 
the experiments. 
References 
[1] Bratkovich T E，Aarnio M J, Williams J T, et al. An introduction to 
pulse detonation rocket engines (PDREs). AIAA 97-2742, 1997. 
[2] Kailasanath K. Applications of detonations to propulsion: a review. 
AIAA 99-1067, 1999. 
[3] Farinaccio R, Harris P, Stowe R A. Multi-pulse detonation experi-
ments with propane-oxygen. AIAA 2002-4070, 2002. 
 
LI Qiang et al. / Chinese Journal of Aeronautics 20(2007)09-14 ·14· 
[4] Lu F K, Meyers J M, Wilson D R. Experimental study of pro-
pane-fueled pulsed detonation rocket. AIAA 2003-6974, 2003. 
[5] Kasahara J,Tanahashi Y, Hirano M. Experimental investigation of 
momentum and heat transfer in pulse detonation rockets. AIAA 
2004-0869, 2004. 
[6] Aarnio M J, Hinkey J B, Bussing T R A. Multiple cycle detonation 
experiments during the development of a pulse detonation engine. 
AIAA 96-3263, 1996. 
[7] Wintenberger E, Austin J M, Cooper M, et al. An analytical model 
for the impulse of a single-cycle pulse detonation engine. AIAA 
2001-3811, 2001. 
[8] Fan W, Yan C J, Huang X Q, et al. Experimental investigation on 
two-phase pulse detonation engine. Combustion and Flame 
2003;133: 441-450. 
[9] Li Q, Zhang Q, Fan W, et al. Experimental study for pulse detona-
tion rocket engine. Journal of Propulsion Technology  
2004;25(5):250-253.[in Chinese] 
[10] Kiyanda C B, Tanguay V, Higgins A J, et al. Effect of transient 
gasdynamic processes on the impulse of pulse detonation engines 
[J]. Journal of Propulsion and Power 2002;18(5):1124-1126. 
[11] Gordon S, McBride B J. Computer program for calculation of 
complex chemical equilibrium compositions and applications. 
NASA Reference Publication 1311, 1994. 
Biography: 
LI Qiang  Born in 1981, doctoral can-
didate. His major subject is combustion, 
propulsion, and fluid dynamics. Tel: (029) 
88490756-803. 
E-mail:rootleecn@ hotmail. com 
 
FAN Wei  Professor. She is devoted to the study of com-
bustion and pulse detonation engine. Tel: (029) 88492748. 
E-mail: weifan419@nwpu.edu.cn  
YAN Chuan-jun  Professor. He is devoted to the study of 
combustion and pulse detonation engine. Tel: (029) 
88492748. 
 
